A thermal repeater is a device that can help the heat propagate farther, acting as a relay. In this letter, we have demonstrated the possibility to efficiently relay the radiative heat flux between two nanoparticles by opening a smooth channel for heat transfer based on coupled localized-surface plasmon polaritons of graphene.
Since the prediction by Polder and Van Hove [1] that the heat exchange between two objects can be much higher than the blackbody limit at nanoscale separations, numerous nanoscale thermal devices [2] [3] [4] [5] [6] and unique phenomena [7] [8] [9] [10] are proposed. A thermal repeater is a device that can help the heat propagate farther, acting as a relay. In other words, the key function of it is to amplify the radiative heat transfer (RHT) in long distance, which needs a smooth channel for the heat flux to transfer. When the two objects are separated at long distance, the RHT decreases dramatically as a result of the deterioration of the evanescent wave channel. Based on that, Dong et al. [11] proposed a method to delay the deterioration between two nanoparticles (NPs), which is realized by placing a dielectric substrate near the two NPs to form a new channel for propagating surface waves. However, its performance dramatically goes down when the two NPs are made of metal, for the reason that there are no coupled surface modes between the metallic NPs and the dielectric substrate. In [12] the performance of the long-distance energy-exchange between two metallic NPs has been improved by coating monolayer graphene on the substrate. However, the amplification is still limited for the reason that the graphene sheet can only couple with the substrate to form surface modes, but cannot greatly tailor the interplay between the metallic NPs and surface modes.
Graphene, a two-dimensional material, exhibits intriguing electronic properties including the presence of strongly confined surface plasmon polaritons (SPPs) which can be excited in the near-field regime to transport energy in photonic channels [13, 14] . This has been exploited for a more efficient RHT between hybrid periodic structures [15] and between nanoparticles [16] . Recently, by using multilayer structures, the RHT between NPs has been shown to be further increased thanks to a resonant coupling between the substrate surface modes and the NPs resonances [17] . Recent studies show that localized plasmon polaritons (LPP) can be excited for graphene nanostructures, including nano-disks [5, 18] and graphene-coated spheres [19, 20] . Moreover, some recent experimental studies demonstrate that by coating graphene shell on gold NPs, the photothermal properties of them can be modified [21, 22] based on the strong light-matter interaction at the interface between the NPs and graphene [23] . The modulation and splitting of RHT are realized in a three-body system consisting of graphene/SiC core-shell nanoparticles [19] . Inspired by this, we introduce a concept of a thermal repeater by coating graphene film both on NPs and substrate, and the repeater is able to amplify the RHT in the long distance.
It should be mentioned that the graphene shell is the key component of the repeater, for the reason that it is able to introduce the strong interactions between NPs and substrate.
To start, let us consider two graphene-encapsulated gold nanoparticles (GEG-NPs) located near a graphene-coated silicon carbide (SiC) substrate with a distance h from the interface, and the separation distance between the NPs is denoted as d in FIG. 1 . For the GEG-NPs, the radius of the core gold particle is Rin and the outside radius of the GEG-NPs is denoted as the sum of Rin and tG, which is the thickness of graphene sheet and taken as 0.34 nm. Based on the framework of Mie-Lorenz theory, an analytical derivation of the electromagnetic response of a graphene-coated nanosphere is derived [20] . Based on that, the electric polarizability of the GEG-NPs can be modified and given as
where R denotes the radius of the nanoparticles (R=Rout for GEG-NPs and R=Rin for gold NPs), c() is the dielectric function of the core gold and h=1 when the particles are in vacuum. The radius of gold NPs is set as 5 nm and hence the dipolar approximation is valid with much larger d and h [12, 17] . In the formula, the influence of the graphene shell is included via the dimensionless parameter g()=i()/ 0Rout, where () and 0 are conductivity of graphene [24] and permittivity of vacuum. Naturally, when the graphene shell vanishes, surface conductivity g()→0, hence the electric polarizability reduces to the standard Clausius-Mossotti form [25] . In particular, the results of electric polarizability defined by Eq. (1) match well with the electric polarizability for core-shell nanoparticles [26] when the graphene sheet is modeled as surface current. Moreover, the magnetic polarizability of nanoparticles is given as [27, 28] (2) where f=(Rin/Rout) 3 is the core volume fraction, s()=1+i()/ (0 tg) is the relative dielectric function of graphene which is treated as surface current. For the gold nanoparticles without graphene shell, the term with the core volume fraction in Eq. (2), which accounts for the effect of the shell will vanish, and hence the magnetic polarizability reduces to that of bare particles. It is worth mentioning that in experiments, a monolayer of graphene can be precisely deposited on the surface of gold nanoparticles via chemical vapor deposition [21, 22] , which effectively protect the NPs from oxidation. In order to make the study more meaningful for experiments and realistic devices, the Drude critical point model for the dielectric function of gold is used [29] . Moreover, considering the finite size effects in small core radius and small shell thickness, the dielectric is modified to a radius-dependent one and the detailed formulas can be found in Ref. [30] . The dielectric properties of SiC is described with a Drude-Lorentz model [31] . In the fluctuation-dissipation theorem describing dipole fluctuations, the polarizability needs to be modified by [32] ( ) ( ) ( ) (4) where ( ) More details including the matrixes S and P can be found in Refs. [11, 12] . As can be seen from Eq. (5-b), the graphene sheet on the substrate, comes into play by modifying the surface characteristics [12] . The existence of the SiC substrate provides surface phonon polaritons (SPhPs) which can couple with the SPPs induced by graphene sheet. For the graphene shell on the NPs, the effect of it cannot be found in the formulas of the Green tensor, while the polarizabilities are modified because of it. We note that in Eq.
(4), the Green tensor and the polarizabilities, which reflect the characteristics of the interface and particles respectively, jointly contribute to the RHTC.
The main point of the work is to show how the presence of the graphene, and in particular of the coupled localized-surface plasmon polaritons, is able to act as a heat repeater in long-distance energy-exchange. To this aim, in FIG. 1(b) , the amplification factor j=Cj/C1, viewed as the measure of the performance for the graphene-based thermal repeater, is given as a function of d when h=50 nm, where j denotes the index for the four cases: (i) j=1 corresponds to bare substrate and nanoparticles, (ii) j=2 corresponds to bare substrate and GEG-NPs, (iii) j=3 corresponds to graphene-coated substrate and bare particles and (iv) j=4 corresponds to graphene-coated substrate and GEG-NPs. The chemical potential of graphene is set as 0.5 eV throughout the letter. The results
show clearly that the RHT can be greatly enhanced in long distance, especially with the coexistence of the graphene shell and sheet. At d=1.358m, the amplification factors are 24.8 and 610.9 for case (iii) and (iv), respectively. The inset denotes the ratio C4/C3 and C2/C1, which can be viewed as the amplification effect caused by the gaphene shell, and it demonstrates that the relay performance can be greatly improved by the graphene shell, especially in the presence of the graphene sheet on the substrate.
In Eq. (4), the RHTC can be written in two kinds of forms, C=CE+CM and C=C (0,0) +C (0,sc) +C (sc,sc) , where CE, CM, C (0,0) , and C (0,sc) +C (sc,sc) account for the contribution of electric dipoles, magnetic dipoles, the direct NP-NP flux and the scattering flux based on the substrate [12] . To get insight into the physical mechanism responsible for the heat relay, we present the electric RHTC ratio E=CE/C and scattering RHTC ratio S=C/C (0,0) in FIG. 2(a) and 2(b), respectively. As is known, for SiC/graphene and gold, the heat transports mainly in electric and magnetic channels respectively [33] . In combination with the physical mechanism of the particle-interface interplay defined by the scattering contribution G (sc) , the effect of the substrate can be displayed by S. Then the important role that graphene sheet and shell play can be clearly evaluated by analyzing the E and S simultaneously. For d=0.05~0.15 m, the near unity S indicates that the heat transports mainly in the direct NP-NP channel without benefit of the substrate, for the reason that the small d means the strong energy-exchange in the near-field regime. As a result of that, for case (i) and (iii) without graphene shell on particles, the RHT is dominated by magnetic dipoles of gold and the E is near zero, and hence the RHT cannot be enhanced for case (iii). However, for case (ii) and (iv) with GEG-NPs, the increased E implies that the graphene shell opens a new channel for RHT. The amplification factors in FIG. 1(b) for the two cases confirm that the heat relay is dominated by the graphene shell in the near-field regime. For d=0.15~6 m, the increased S indicates that the effect of substrate comes into play, especially for the graphene-coated substrate. In addition, the increasing trend of E,1 and E,2 curves implies that the surface modes play a more and more important role in RHT as d enlarges. By comparing E,3 and E,4, we can confirm that the graphene shell on particles plays an important role in the RHT enhancement through interplay with the graphene sheet coated on substrate to improve the electric channel for heat transfer. In the inset of FIG. 2(b) , the near-zero S,2/S,1 and much larger S,4/S,3 verifies the coupled effect of graphene shell and graphene sheet, and in other words, the graphene shell works little in the absence of graphene sheet on substrate. When the separation distance between the NPs is too large, the curves for (i)/(iii) and
(ii)/(iv) are basically in coincidence, which means that the RHT is mainly transferred in NP-NP channel. Hence the relay effect based on the particle-interface interplay is invalid. As a result, for large d, the amplification factor curves for case (ii) and (iv) are gradually becoming coincident and 3 is near unity. The amplification above 10m is only based on the properties of particles and the heat cannot be passed by the substrate in the long distance. Therefore, the results above 10m are not our interest of the work.
To understand the greatest amplification effect at d=1.358 m, we next focus on the spectral RHTC for cases In FIG. 3(c) , with the combination of GEG-NPs and the graphene-coated substrate, the maximum and total electric RHTC increase by more than two and four orders of magnitude. The spectral results show clearly that the RHT is enhanced at all frequencies due to the graphene shell. To characterize the effect of the graphene shell together with the graphene sheet, the electric field energy density distribution ue,j [11] are calculated and the ratio of case (iii) and (iv) to case (i) is displayed in FIG. 4(c demonstrate that the LPP of the GEG-NPs can couple with the SPPs of the graphene sheet to form localized-surface plasmon polaritons, which acts as a thermal repeater in the long-distance energy-exchange. Up to now, the underlying mechanism of the heat relay and amplification is explored and demonstrated clearly.
In conclusion, we have theoretically proposed a thermal repeater by coating the graphene shell on the NPs and graphene sheet on SiC substrate, and it allows us to increase the RHT as high as 610.9 times even in the long distance without any additional source of energy. By distinguishing the contributions between NPs and substrates, graphene shell and sheet, electric and magnetic dipoles, we have found that the function of amplification and relay is realized by the coupling the LPP of GEG-NPs and SPPs of graphene sheet to form a stronger coupling, which opens a smooth channel for the heat flux in long-distance transport. In this letter, we have limited to the simplest shape of the NPs, however, the mechanism and concepts proposed here could be easily applied to much more complex configurations. The study also provides the possibility to realize the thermal communications for transmitting information by photons of thermal objects rather than electrons of currents. 
